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Abstract
The development of proper measurement methodologies for product evaluation is a critical issue to papermakers since their customers are
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dncreasingly demanding in regard to new product development and product quality.
This paper addresses the conception of a measurement system to assess objectively and systematically paper superficial waviness in industrial
ractice. Such a system is based on mechanical stylus profilometry. The measurement system conception process is presented in this article,
onsidering all of its stages: (i) gage selection and auxiliary components creation, (ii) drawing of a measurement procedure, (iii) assessment
f the system capacities (through a repeatability and reproducibility (R&R) study), (iv) design of an appropriate categorical scale for paper
aviness classification, and (v) validation of the classification model.
The definition of the categorical scale encompassed the sensorial and instrumental characterization of several sheets of paper. The cor-
esponding classification model strongly relies on the quality of judgments made by a panel of experts, and therefore the definition of a
olden standard was carefully conducted. Two distinctive methodologies were used to assess the perceptiveness of the judges regarding paper
uperficial waviness, and linear discriminant analysis with stepwise variable selection for dimensional reduction was then applied to build a
nal classification model.
The system conceived can be very helpful in the field of product design and process development, besides its obvious application to
he monitoring of paper superficial quality. In fact, it can play an important role as an instrument used to define process–structure and
tructure–properties relationships, which may help in achieving faster product design time cycles.
2005 Elsevier B.V. All rights reserved.
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. Introduction
Nowadays, pulp and paper industries face great demands
o control process quality, meet product specifications, corre-
pond to customer needs and assess their R&D activities. As
result, the development of proper measurement methodolo-
ies for product evaluation becomes a critical issue. Chemo-
etrics data analysis tools have been extensively applied to
∗ Corresponding author.
E-mail address: eq1pas@eq.uc.pt (P.M. Saraiva).
this industrial sector, namely to handle the high dimensional-
ity and strong collinearity present in process databases [1–3],
and, more recently, to cope with the challenges raised by new
measurement units producing several types of spectra [4,5],
where wavelet theory has been playing an important role
in the extraction of relevant predictive components spread
across wavelength scales. Other applications regarding the
analysis of quality features of pulp and paper products, such
as pulp properties [6], paper cockling [7] and paper curl [8],
have also been referred in the literature, the last two being rel-
ative to paper deformation phenomena, and therefore some-
003-2670/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2005.02.027
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how related to this work. However, the quality problem ad-
dressed in this paper that of paper waviness, does have quite
different underlying root causes and involves distinct paper
deformation patterns.
This article addresses the conception and implementation
of an industrial and statistically based paper superficial wavi-
ness measurement system. Such a measurement system was
developed in close collaboration with Portucel SA (a major
Portuguese pulp and paper company), and is now being used
regularly at one of its industrial facilities for product design
activities.
Paper surface characteristics play an important role in the
final product quality, as they affect ink transfer to the sheet and
hence printability [9]. Owing to technological developments
in the printing industry (namely in the fields of colour and
resolution) the significance of paper surface in paper quality
has increased even further in recent years.
The surface or texture characterization is an important
component of paper surface description. From a structural
perspective, any surface (including that of paper sheet) can
be seen as the overlap of three types of irregularities, form
and position errors, waviness and roughness (Fig. 1), which
can be distinguished by their horizontal pattern (scale).
Traditionally, paper surface texture is characterized us-
ing methods based on air leak instruments that provide a
global roughness value relative to a macroscopic region of
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ranging from gage selection to statistically based measure-
ment model generation and validation. Thus, in the next two
sections the measurement apparatus and the measurement
procedure adopted are described. Then the assessment of
the attributes and capabilities of the proposed system are ad-
dressed. In the following two sections the design and valida-
tion of an appropriate statistical model for paper superficial
waviness classification are presented. This model was ob-
tained employing sensorial analysis and multivariate statisti-
cal techniques. Finally, in the last section, some conclusions
are drawn along with plans for future work. The practical
benefits associated with the measurement system conceived
and implemented are also discussed.
2. Measurement device
The first step of the measurement system conception pro-
cess was gage selection, leading to the adoption of a mechan-
ical stylus profilometer (Fig. 2). Stylus profilometry tech-
niques (based on either mechanical tracing systems or optical
probes) are widely used in assessing surface textures [12], and
several references can be found in the literature covering this
topic, namely with applications in the areas of bioengineering
and machine finishing [13–16]. As far as paper is concerned,
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ahe sheet [10]. It is known that these methods, despite being
ery simple, are ineffective in distinguishing and character-
zing the different structural scales of the surface, namely
s far as the waviness phenomenon is concerned. In fact,
his phenomenon is usually described through visual analy-
is. This type of human-based procedure is time-consuming,
airly subjective and inaccuracy prone, and therefore it is in-
ongruous with the current demands posed by customers to
apermakers regarding new product development and prod-
ct quality assurance.
In this context, the present work addresses the conception
nd implementation of a measurement system that allows
ne to assess the paper superficial waviness in a quantita-
ive, objective and systematic way. The measurement system
onception process is presented considering all of its stages,
ig. 1. Schematic representation of three paper surface structure compon-
nts.hese evaluation techniques are becoming also popular, al-
hough their use in this field is not yet fully explored. In
act, some applications in the context of surface roughness
ssessment have been reported [9], but it is believed that the
ork presented in this paper represents the first attempt for
escribing paper long-scale surface irregularities (waviness)
hrough stylus profilometry in real industrial environments.
The use of the gage selected in the context of paper surface
ssessment demanded the careful design and construction of
n auxiliary component that guarantees the proper position-
ng of the sheet under analysis. As shown in Fig. 3, this com-
onent is basically composed by a screw (A), a flexible cramp
B) and a fixed cramp (C). Thus, the measurement device de-
eloped includes the mechanical stylus profilometer (gage)
nd the sheet support unit. These two elements affect the per-
ormance of the measurement system and must be considered
ll together when assessing its attributes and capabilities.
Fig. 2. Photograph of a mechanical stylus profilometer (available in [11]).
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Fig. 3. Photograph of the sheet support included in the measurement device
(A, screw; B, flexible clamp; C, fixed clamp).
3. Measurement procedure
The definition of a proper measurement procedure was
another crucial step in the measurement system conception
process. Actually, product characterization could not be reli-
ably addressed until a systematic measurement approach was
made available.
The measurement methodology was established itera-
tively, based upon experience and background acquired while
the instrumental technique was tested and refined.
The final measurement procedure (schematized in Fig. 4)
involves the following four main steps:
(i) An item dimensioned according to the sheet support unit
(10 cm× 14 cm) is cut from the original paper sheet that
one is intending to analyze (Fig. 4(a)). The cut is per-
formed so that the larger dimension of the item is per-
pendicular to the direction of the waviness phenomenon.
(ii) The item is placed on the support unit and fixed by the
two cramps. The screw is then turned providing the ten-
sion needed to guarantee paper horizontality (Fig. 4(b)).
This step demands training in order to achieve a suitable
position for the item.
(iii) Once the item is correctly positioned on the support, the
measurement is carried out (Fig. 4(c)). The profilometer
delivers several two-dimensional profiles, as well as a set
of the superficial texture characteristics within the item
may be significant, the measurement procedure com-
prises five profiles of the surface taken with different
starting-points located in non-coincident parallel lines.
The final results of the measurement made over an item
are then calculated by averaging the numerical parame-
ters computed from the individual profiles recorded this
way.
(iv) At last, the measurement quantitative output is intro-
duced in the statistical categorical model, so that the
waviness quality of the item can be judged and classi-
fied (Fig. 4(d)).
4. Measurement system performance assessment
When conceiving a novel measurement approach in the
scope of process or product quality control, it is important
to assess its performance regarding the quantification of the
variables of interest. In fact, to address actual process variabil-
ity, the variation due to the measurement approach (measure-
ment device and operator) must be identified and separated
from the one effectively involved in the process. In the work
presented here, this kind of analysis was carried out through
a repeatability and reproducibility study (R&R study) [17].
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aof numerical parameters computed from such profiles.
The former allow one to assess qualitatively superficial
waviness while the later provide a quantitative and inte-
grated description of the phenomenon. As the variation
ig. 4. Schematic representation of the measurement procedure: (a) directio
cquisition of the waviness profile; (d) classification task.In general, an R&R study involves the evaluation of a set of
tems using the measurement device throughout two or more
rials performed by one or more operators. Overall, this study
onsists of a set of experiences properly planed, whose results
an be explored employing ANOVA techniques. As output,
his study splits the variability within a set of measurements
n three fractions: (i) the fraction that is effectively process-
elated, (ii) the fraction that is due to the measurement device
nd therefore observed when an operator measures the same
tem with the device several times (repeatability), and (iii)
he fraction that depends on the operator and therefore is ob-
erved when several operators use the device to measure the
ame item (reproducibility). Additionally, under particular
ircumstances, variation within the same item is identified as
fourth variability source.
The R&R study of the superficial waviness measurement
pproach is briefly described below in terms of the adopted
xperimental procedure and main results obtained.
e waviness phenomenon; (b) placement of an item in the sheet support; (c)
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5. Experimental procedure
This study involved two major stages:
(i) Two operators characterized the superficial texture of
eight paper items throughout two trials. Five measure-
ment starting-points for each item were kept fixed be-
tween trials in order to avoid variation within the same
item. Data obtained at this stage provided values of re-
peatability and reproducibility of the measurement de-
vice.
(ii) A similar experimental procedure was adopted, except
for the fact that measurement starting-points in each item
were not maintained between trials. Data produced in this
stage, along with the previous results, allowed estimating
the waviness variability within the same item.
6. Results and discussion
Several numerical parameters delivered by the profilome-
ter were considered in the R&R study. Table 1 presents re-
sults relative to the five parameters that will be included in
the classification model (detailed in Section 7). A, B, C and E
describe the waviness profile in terms of its amplitude, while
D is an integral metric that addresses the asymmetry of the
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minimizes the effect of surface internal variation in the final
measurement results.
Waviness is a large-scale phenomenon (10−2 m), and
hence its heterogeneity is smaller than that verified in the
case of superficial characteristics occurring at a fine scale
(10−3 m), such as roughness.
7. Categorical scale design
The last step in the measurement system development
comprised the definition of a statistical model that allows
one to judge the quality of the item analyzed using the mea-
surement device and procedure.
The usual approach adopted to appraise paper waviness
is to rely on sensorial analysis results obtained from an op-
erator in charge of attributing a certain grade (e.g. excellent,
good, and bad) to each item. At this stage of the measure-
ment system development, the goal was to derive a statistical
classification model consistent with such visual inspection
results, which should also be reproducible and more suitable
for routine operation.
The definition of a golden standard, or, in other words, the
construction of a standard that represents the opinion of the
panel with a good degree of agreement between the judges
was a critical step to support the construction of the classifi-
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wrofile (these parameters are defined according to reference
18]). The results are shown in terms of the percentage of
otal variability in the set of measurements associated with
ach component: (R&R)% represents the variance fraction
ue to the combined effects of measurement device and op-
rator; (δ2item)
%
expresses the variance fraction explained by
ariation within each item.
Usually, a measurement approach is considered accept-
ble from a precision point of view when a value of (R&R)%
maller than 30% is found [17]. Hence Table 1 shows that
ome improvement actions are still needed in order to en-
ance the system’s R&R performance, namely through an
ncrease in the measurement length.
The results obtained (δ2item)
%
also show that the effect of
he items’ internal texture variation is negligible in the context
f the total variability for a set of measurements. This fact
an be due to the following reasons.
According to the measurement procedure described
bove, each measurement consists of five profiles started
t different points of the paper sheet surface. This practice
able 1
&R study results
aviness metrics (R&R)% (%) (δ2item)
%
14.0 7.5
52.7 0.2
42.2 0.0
54.6 18.8
53.7 0.0ation model. Model building comprises the following three
hases: (i) definition of the golden standard, (ii) comparison
ith measurement device results, and (iii) selection of the
ariables to be included in the final classification model, and
orresponding parameters estimation.
. Experimental procedure
The experimental work began through the careful choice
f a set of paper items, representative of several waviness
uality classes. Such items were then analyzed according
o the measurement procedure previously described. In this
ase, all the 13 waviness parameters provided by the pro-
lometer were saved for further analysis.
The same items were also evaluated by a panel of experts,
hose selection took into account their personal acquaintance
ith paper waviness assessment.
Sensorial analysis was performed after explaining to each
udge what the goal was, without providing any a priori stan-
ard to him or her.
Each of the 11 judges was requested to distribute 30 items,
ssuming a certain number of quality classes that he/she be-
ieves to be relevant and distinguishable, where classN corre-
ponds to the inexistence of waviness and class 1 represents
he class were the phenomenon is more perceptible. The en-
uing table of classifications reflected a high level of dis-
greement concerning the number of classes discerned. The
ow degree of correlation between judges indicated that there
ere no strong enough relationships between the classifica-
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tions performed by the judges that divided the items amongst
a few classes (2 or 3) and those that considered more cate-
gorical values (5 or 6).
To overcome this problem, in a second round eight panel
members were requested to classify 34 items according to a
prefixed number of four classes. Since there were members
in the panel who had no sensitiveness to distinguish four
different classes of waviness, they were at this stage removed
from the panel.
With the above modifications, at this second round high
degrees of correlation were observed between the several
judges, and therefore a more formal evaluation of the statis-
tical quality of their agreement was found to be appropriate.
9. Results and discussion
To quantify the degree of agreement amongst the several
panel judges, two distinctive approaches were followed: (i)
an empirical method based upon the calculation of the ob-
servation frequencies and (ii) a test of hypothesis based upon
the Kappa statistic. Both approaches are briefly described in
the following paragraphs.
Table 2 provides the basic nomenclature required to fol-
low the definitions of the empirical parameters for the first
m
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Fig. 5. Total and partial deviations relative to the golden standard based on
four categories.
whereK is the total number of judges that compose the panel,
and Dk is the vector with the partial deviations of each judge
k at each entry, determined by the following equation:
Dk =
N
‡′′
i=1
∣∣Di,k
∣∣
N
(2)
Thus, Dk is given by the sum of the deviations in the classifi-
cations made judge k, for all items (Di,k, Eq. (3)) divided by
the total number of items, N:
Di,k =
∣∣Pi − ai,k
∣∣ (3)
The calculation of matrix Di,k is based on the matrix of clas-
sifications made by each judge k to each item i, ai,k, and the
standard classification vector Pi. In cases of doubt between
two classes with similar observation frequencies, standard Pi
was chosen as the class that minimizes Dt.
Fig. 5 summarizes the total and partial deviations calcu-
lated for a golden standard adopted to discriminate between
four different categories of waviness. One can see that there
are operators lacking some training regarding the assessment
of this phenomenon, who are associated with higher values
for Dk, resulting in higher contributions to the overall (total)
deviation, Dt.The second methodology adopted in order to
quantify the degree of agreement amongst the several panel
j
i
c
T
F
I Cl
1
1 n1
2 n2
. . .
I ni,
. . .
N nNethodology. The observation frequency nij represents the
umber of votes performed by the panel for each item i in
lass j (i= 1,. . .,N;N, the total number of items, in the present
ase, is of 34; j= 1, . . .,M;M is the total number of classes, 4;
= 1, . . ., K, where K is the total number of judges that con-
titute the panel, 8). The standard classification for sample i,
i, is defined as the class j corresponding to the highest value
f nij associated to item i. The attribution of a standard class
s not as simple as it might seem since in several occasions
he number of votes for two different classes was found to
e similar. Therefore, the procedure that was followed to es-
ablish the standard class Pi involves the minimization of the
otal deviation of the panel relatively to the standard. Total
eviation, Dt, is the mean value of the deviation parameters,
k, for the panel of experts:
t =
K
‡′′
k=1
|Dk|
K
(1)
able 2
inding the golden standard based on the observation frequencies
tems Judges
1 2 . . . k . . . K
a1,1 a1,2 . . . a1,k . . . a1,K
a2,1 a2,2 . . . a2,k . . . a2,K
. . . . . . . . . . . . . . . . . . . .
ai,1 ai,2 . . . ai,k . . . ai,K
. . . . . . . . . . . . . . . . . . . .
aN,1 aN,2 . . . aN,k . . . aN,Kudges, based upon the Kappa statistic (K) [19], brings an
nteresting point related with the probability of chance asso-
iated with classification. TheK value is specified as the ratio
asses Standard
2 . . . j . . . M
,1 n1,2 . . . n1,j . . . . . . P1
,1 n2,2 . . . n2,j . . . . . . P2
. . . . . . . . . . . . . . . . . . .
1 ni,2 . . . n1,j . . . n1,M Pi
. . . . . . . . . . . . . . . . . . .
,1 nN,2 . . . nN,J . . . nN,M PN
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Table 3
Strength of agreement of the panel given by Kappa statistic [20]
Kappa statistic Strength of agreement
<0.00 Poor
0.00–0.20 Slight
0.21–0.40 Fair
0.41–0.60 Moderate
0.61–0.80 Substantial
0.81–1.00 Almost perfect
between the probability of agreement of the panel, P(A), and
the maximum probability possible to achieve, taking into ac-
count the probability associated with chance, i.e., the proba-
bility of attributing the correct classification by chance, P(E):
K = P(A) − P(E)
1 − P(E) (4)
According to the previous equation, K< 0 is obtained when
there is no agreement between the members of the panel,
and K= 1 corresponds to the maximum possible agreement
in the panel. A plausible scale to perform an assessment of
the strength of agreement within the panel is therefore the
one illustrated in Table 3 [20]. The evaluation of the panel’s
quality was measured using parameter K, leading to a score
of 0.36, which indicates that there is a fair strength of panel’s
agreement.
Based on these results, the possibility of building a golden
standard with just three different categories was also consid-
ered. The opinions were thus grouped according to this alter-
native problem formulation, and the associated values of Dk
and Dt are presented in Fig. 6. The value of Kappa calculated
for a golden standard based on three categories is 0.52, in-
dicating a substantial improvement over the agreement level
obtained within the members of the panel.
F
t
Table 4
Classification matrix of the model used to discriminate waviness in three
categories (training results)
Predicted classifications Observed classifications
Percentage
correct (%)
G1 G2 G3
G1 66.67 6 2 1
G2 100.00 0 12 0
G3 100.00 0 0 8
Total 89.66 6 14 9
Using this option as the final golden standard, the concep-
tion of a statistical classification model able to explain and
predict the sensorial perception of the waviness phenomena
was then considered. To achieve that goal, general discrimi-
nant analysis (GDA) [21] was used along with a stepwise vari-
able selection procedure, to identify the variables (amongst
the 13 different waviness parameters provided by the mea-
surement device) that mostly discriminate between classes.
To initiate the model building, a data table gathering all the
variables considered in the study and the standard opinion
of the panel (at first with both three and four different wavi-
ness classes) was constructed. Using such a table, GDA was
used to find the functions, given by linear combinations of
independent variables, which mostly discriminate between
the classes. The resulting set of final classification models
do achieve a correct percentage of classifications of 75.53%
with four waviness categories and 89.66% of correct classi-
fications for three separate quality classes. Therefore, once
again the results drove to the adoption of three classes as
the most suitable and meaningful number of waviness qual-
ity categories. Eq. (5) describe the classification functions
reached this way, while Table 4 reports the global percent-
ages of correct classifications associated with this model:
9 × B − 2.26 × C + 1036.76 ×D− 5.72 × E − 1821.80
2 × B − 2.75 × C + 1044.25 ×D− 4.58 × E − 1839.42
2 × B
(5)
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aig. 6. Total and partial deviations relative to the golden standard based on
hree categories.


G1 = 11.58 × A+ 81.9
G2 = 11.55 × A+ 81.7
G3 = 10.80 × A+ 76.4 − 2.18 × C + 1020.24 ×D− 5.02 × E − 1733.26
0. Categorical scale validation
In order to validate the classification model, a new data set
omprising 31 items was submitted to the same experimental
rocedure adopted for building it.
To perform the validation of the model, two judges were
sked to classify the items by sensorial analysis. However,
his sensorial analysis was not performed by direct observa-
ion of the samples but by looking to the waviness profiles,
hus representing a major difference between the categorical
cale design procedure and the validation one. The inclusion
f the waviness parameters in the classification model (Eq.
5)) led to the identification of the items category (the cate-
ory is defined by the index of the greatest Gi value (i= 1, 2,
nd 3)). Table 5 summarizes the results obtained, namely the
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Table 5
Classification matrix obtained for model validation (test results)
Predicted classifications Observed classifications
Percentage
correct (%)
G1 G2 G3
G1 75.00 6 1
G2 84.62 2 11 4
G3 85.71 1 6
Total 74.19 8 13 10
percentage of correct classifications achieved in this valida-
tion stage.
As expected, the percentage of correct classifications for
the test set is now lower (74.19%) than the one obtained for
the training data (89.66%). The observed differences can be
justified not only by the fact that they derive from a new
set of items, but also by the combined effects of the distinct
procedure used for sensorial analysis and the utilization of
a panel constituted by only two judges, instead of the eight
used in building the classification model. However, the per-
formance achieved under these adverse circumstances still
provides support for using this methodology in practice, es-
pecially if the difficulty involved in reaching total agreements
in the sensorial analysis made over the same samples is con-
sidered.
11. Concluding remarks
The development of proper measurement methodologies
for product evaluation is a critical issue to papermakers since
their customers are increasingly demanding with regard to
new product development and product quality. Paper su-
perficial texture plays an important role in product perfor-
mance, but its characterization is still limited, particularly
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As future work, the authors are also planning to assess
the potential of principal components analysis (PCA) and
Fisher discriminant analysis (FDA) as alternatives to step-
wise variable selection for addressing the preliminary task of
dimension reduction in the classification procedure. Possible
improvements of the measurement system regarding its R&R
performance will also be considered.
The system conceived can be very helpful in the field of
product design and process development, besides its obvi-
ous application to the monitoring of paper superficial qual-
ity. It allows one to establish a reliable relationship between
paper user’s perception of waviness and associated quanti-
tative measurement results. Therefore, it can play an im-
portant role in the definition of proper process–structure
and structure–properties relationships, which may in their
own help one to achieve faster product design time cy-
cles.
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